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Edited by Julian SchroederAbstract N-glycosylation is a common protein modiﬁcation.
Joining of polypeptide and carbohydrate elements into hybrid
molecules provides an opportunity to ﬁne-tune protein properties.
However, the role of N-glycosylation on the development of mul-
ticellular organisms remains elusive. Here we report a hypomor-
phic allele of KNOPF/GLUCOSIDASE 1, which allows us to
describe the eﬀects of impaired a-glucosidase I on post-embry-
onic development of plants for the ﬁrst time. This knf-101 muta-
tion alters cell shape but does not aﬀect cell arrangements,
except for the patterning of specialized epidermal cells, delineat-
ing the signiﬁcance of N-glycan processing during epidermal
development in Arabidopsis.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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N-glycosylation is a common covalent protein modiﬁcation
(for a review, see [1]). It occurs through addition of a core oli-
gosaccharide to the asparagine residue of growing, nascent
polypeptides, in which the Asn-X-Ser/Thr motif (X can be
any amino acid except proline) is necessary for oligosaccharide
transfer. The core oligosaccharide consists of a branched oligo-
saccharide unit comprised of three glucoses, nine mannoses,
and two N-acetylglucosamines. After transfer to the protein,
the oligosaccharide undergoes several modiﬁcations, leading
to the diverse array of N-linked carbohydrates on mature gly-
coproteins.
Despite the extensive knowledge regarding the biosynthe-
sis, transfer, and maturation of N-linked glycans, the biolog-
ical function of N-glycosylation remains obscure. In yeast
and mammalian cells, studies indicate that N-linked glycans
exert their functions by facilitating molecular and cellular
interactions (for a review, see [2]). However, the mechanisms
of N-linked glycans in these processes are unclear. In Arabid-
opsis thaliana, mutants defective in N-glycosylation have
been shown to impact cell wall synthesis, anisotropic cellAbbreviations: GUS, b-glucuronidase; RT-PCR, reverse transcription-
PCR; 35S, cauliﬂower mosaic virus 35S RNA promoter; UTR,
untranslated region
*Corresponding author. Fax: +81 3 58414455.
E-mail address: komeda-y@biol.s.u-tokyo.ac.jp (Y. Komeda).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.05.019growth, and seed storage protein synthesis [3–7]. These mu-
tants exhibit pleiotropic phenotypes, and many of them are
lethal during early development, making it diﬃcult to discern
the roles of N-linked glycans in speciﬁc developmental
stages. New genetic resources will allow us to further inves-
tigate the roles of N-glycosylation in the development of
multicellular organisms.
In multicellular organisms, the epidermis diﬀerentiates dur-
ing embryogenesis and supports further development. In
Arabidopsis, cells in the outermost layer are diﬀerentiated
early in embryogenesis [8]. After germination, the epidermis
serves as a communicative boundary, separating the plant
from the environment, perceiving stimuli, preventing water
loss, and taking up nutrients. Thus, cell types of varying size,
shape, and function can form in the epidermis, such as guard
cells, root hair cells, and leaf trichome cells. Molecular genet-
ic studies have identiﬁed genes that regulate the development
of specialized epidermal cells, and a molecular genetics
framework for cell fate speciﬁcation in the Arabidopsis epi-
dermis is now available (for reviews, see [9–11]). However,
the molecular details of the regulatory mechanisms remain
to be addressed.2. Materials and methods
2.1. Plant materials and growth conditions
Unless otherwise stated, all plants were in the Columbia (Col)
background, and Col was used as the wild-type. Plants were grown
on rock-wool bricks supplemented with vermiculite under cool white
ﬂuorescent light in long day conditions (16 h light/8 h dark) at an
average temperature of 22 C. For observation of root phenotypes,
seeds were germinated on nutrient agar plates containing half-
strength Murashige and Skoog Plant Salt Mixture (Wako Pure
Chemical Industries, Osaka, Japan), 1% sucrose, and 0.3% Gelrite
(Wako Pure Chemical Industries). The pH of the medium was ad-
justed to 5.7 with KOH. The plates were incubated at 22 C in a
near vertical position.
The epf1-1 was described previously [12]. The knf-14 mutant was in
the Landsberg erecta (Ler) background, and knf-14 seed stock
(CS6119) was obtained from the Arabidopsis Biological Resource Cen-
ter (ABRC) at Ohio State University (Columbus, OH). The GL2::GUS
transgenic line was in the Wassilewskija (WS) background [13].
2.2. Map-based cloning and PCR-based genotyping
The muc mutant was crossed to Ler, and F2 seedlings with the muc
phenotype were examined for recombination between the mutation
and PCR-based polymorphic markers. For details, see Supplementary
Methods.
dCAPS markers were designed for muc/knf-101 and knf-14 alleles
based on the mutations in knf-101 and knf-14 [6], respectively. The pri-
mer sequences and details are available in Supplementary Table S1.
PCR ampliﬁcation was performed under standard conditions.blished by Elsevier B.V. All rights reserved.
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For complementation of muc, 35S::KNF (pCF602) was generated,
and muc plants were transformed using Agrobacterium-mediated trans-
formation. For details, see Supplementary Methods.
2.4. RNA extraction and RT-PCR
For details on RNA extraction and RT-PCR, see Supplementary
Methods.
2.5. Morphological analyses
Detailed protocols, microscopy, and histochmical GUS staining are
available in Supplementary Methods.3. Results
3.1. Isolation of munchkin mutant
To identify new loci involving the epidermal development in
Arabidopsis, we conducted a visible screen of ethyl methanesul-
fonate-mutagenized seeds. Previous studies revealed that mu-
tants defective in shoot epidermal development often result
in dwarf stature, therefore, we limited our search to mutants
smaller than wild type [14,15]. Among candidate mutants,
munchkin (muc) was isolated by its semi-dwarf phenotype
(Fig. 1A and B). The Fl oﬀspring from muc and wild-type
plants produced wild-type plants, and 22% of F2 oﬀspring
were mutant plants (n = 264), indicating that muc is a single
nuclear recessive mutation.
3.2. Epidermal cell patterning is disturbed in the muc fruits
In wild-type Arabidopsis fruits, the outer epidermis of the
valve has two types of cells, typical long-shaped cells and sto-
matal lineage cells (Fig. 1C). In the outer valve epidermis of
muc fruits, clusters of small cells surround the stomata, and
the stomatal density is increased (Fig. 1D and E). Because
these small cells around stomata are not seen in wild-type
fruits, the stomatal index does not greatly increase in the
muc mutant (Fig. 1F). Although the muc stomata are indistin-Fig. 1. The shoot phenotype of muc mutant. (A, B) Plants grown for 25 days
cells in the valve of fully elongated fruits. (A, C) Wild-type (WT). (B, D) mu
wild-type and muc fruits. (E) Stomatal density (n = 9; three measurements per
value represents the average, and bars indicate standard errors. Scale bars: 2guishable from the wild-type stomata in their size and shape,
the muc long-shaped cells are shorter than wild-type and in-
crease in diameter. These indicate that MUC is required for
proper cell diﬀerentiation in the fruit epidermis.
3.3. muc is a novel allele of knf/gcs1
The muc mutation was mapped to a 122-kb region, and
sequencing candidate genes revealed a single base mutation
in the Atlg67490 locus (Fig. 2A and B). This G-to-A substitu-
tion replaces Gly with Asp at amino acid residue 504. The muc
phenotype was complemented by constitutive expression of the
Atlg67490 cDNA (Supplementary Fig. S1). Thus, the identi-
ﬁed mutation accounts for the muc phenotype.
The Atlg67490 gene has been previously described as
KNOPF (KNF)/GLUCOSIDASE 1 (GCS1), which encodes
a-glucosidase I (E.C. 3.2.1.106) that speciﬁcally cleaves the
outermost glucose residue from the N-linked core oligosaccha-
ride [3,6]. While the muc mutant is viable and fertile, all other
knf/gcs1 mutants have been embryonic lethal [3,6,16]. In order
to determine whether muc is allelic to knf/gcs1 mutations, we
crossed muc homozygous plants with knf-14 heterozygous
plants. The resulting Fl progeny produced wild-type and se-
vere-dwarf plants at a 1:1 ratio, indicating that muc is allelic
to knf/gcs1 mutations. Therefore, the muc allele was renamed
knf-101. Like knf-101 homozygous plants, knf-14/knf-101
trans-heterozygous plants are viable and fertile. However,
knf-14/knf-101 plants displayed more severe phenotypes than
knf-101 plants (Fig. 2C–F). In contrast to other knf/gcs1 mu-
tants, embryo development is not severely aﬀected in knf-101
(Supplementary Fig. S2). RT-PCR analysis revealed that the
knf-101 mutation does not aﬀect accumulation of the KNF
transcript (Supplementary Fig. S3).
3.4. Genetic interaction between epf1-1 and knf-101 mutations
Recently,EPIDERMALPATTERNINGFACTOR 1 (EPF1)
was identiﬁed as a negative regulator of stomatal patterningafter germination (dag). (C, D) The morphology of the outer epidermal
c mutant. (E, F) Number of stomata in the abaxial valve epidermis of
plant). (F) Stomatal index (n = 9; three measurements per plant). Each
cm (A, B) and 50 lm (C, D).
Fig. 2. Map-based cloning of the MUC/KNF gene. (A) Mapping of the muc mutation. Molecular markers and numbers of recombination for each
marker are shown above and below the line, respectively. (B) Genomic organization of theMUC/KNF gene. Exons are indicated by closed boxes, and
a thin line indicates introns and 5 0 and 3 0 UTRs. The position of the muc/knf-101 mutation is indicated. The codon position refers to the predicted
protein product. (C, D) Plants grown for 30 dag. (E, F) Seedlings grown for 4 dag. (C, E) knf-101 homozygous plants. (D, F) knf-14/knf-101 trans-
heterozygous plants. Scale bars: 1 cm (C, D) and 0.5 cm (E, F).
Fig. 3. Eﬀects of the epf1-1 and knf-101 mutations on stomatal
density. Stomatal densities in the abaxial side of cotyledons of WT,
epf1-1, knf-101, epf1-1 knf-101 (n = 16). Plants grown for 17 dag were
used. Each value represents the average, and bars indicate standard
errors. Asterisks indicate that epf1-1 and epf1-1 knf-101 values are not
signiﬁcantly diﬀerent in the Students t-test (P > 0.2).
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potential N-glycosylation site, NKS, at the C-terminus [12]. In
knf-101, mutated a-glucosidase I may lead to incomplete matu-
ration of the N-linked glycan of EPF1, impairing its function.
To test this possibility, we generated the epf1-1 knf-101 double
mutant and examined the number of stomata in cotyledons.
There is no signiﬁcant diﬀerence between stomatal densities in
epf1-1 and epf1-1 knf-101 cotyledons (Fig. 3). This indicates
that KNF acts in the same genetic pathway as EPF1.
3.5. knf-101 mutation aﬀects root development
Because the distinctive phenotypes in knf-14/knf-101 roots
indicate that KNF plays an important role in root develop-
ment, we examined the knf-101 root morphology. The knf-
101 root is shorter than the wild-type root, and its appearance
is hairy (Fig. 4A and B). The root apical meristem morphology
and the general root architecture in the knf-101 mutant appear
to be the same as in wild-type, although all cells seem to be
radially expanded and fail to fully elongate (Fig. 4C and D;
data not shown).
In Arabidopsis, root epidermal cells that are in contact with
two underlying cortical cells develop into hair cells, while thosethat overlie a single cortical cell diﬀerentiate as non-hair cells
[17]. Some of the knf-101 root hairs initiate in the ectopic
Fig. 4. The root phenotype of knf-101 mutant. (A, B) Seedlings grown for 5 dag. (C, D) Transverse sections through the root hair zone of roots. An
asterisk indicates the cortical cell lying under the epidermal cells that produce a root hair in the ectopic position. Plants were grown for 2 dag. (E, F)
GL2::GUS expression in 3-dag roots. Note that a single layer of lateral root cap cells is present. (A, C) WT. (B, D, F) knf-101. (E) GL2::GUS. Scale
bars: 0.5 cm (A, B) and 30 lm (C–F).
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caused by a defect in cell elongation (Fig. 4C and D). To better
deﬁne the nature of the knf-101 mutation in root hair speciﬁ-
cation, we examined the expression of the GLABRA2
(GL2)::GUS reporter, which is preferentially expressed in
the future non-hair cell position of the developing root epider-
mis. (Fig. 4E; [13,18]). In knf-101, GL2::GUS was still ex-
pressed preferentially in the non-hair cell position although
the number of cells with ectopic GL2::GUS expression was in-
creased (Fig. 4F). This leaves open the possibility that KNF is
involved in the position-dependent patterning of GL2 expres-
sion.4. Discussion
Our results indicated that muc/knf-101 is a hypomorphic al-
lele of KNF/GCS1. The recessive knf-101 allele exhibited more
severe phenotypes when combined with the predicted null knf-
14 allele, suggesting that the knf-101 allele is dosage-sensitive
and that two copies of the knf-101 allele compensate the im-
paired function of knf-101. Previous studies indicated that
the strong knf/gcs1 mutations alter cell shape but not aﬀect cell
arrangements of the embryo [3,6,16]. Consistently, knf-101
confers prominent changes in cell shape in fruits and roots,
which is likely to reﬂect the general role of a-glucosidase I in
cell elongation. Again, knf-101 does not disturb the correct
placement of cells except for epidermal cell patterning, delin-
eating the signiﬁcance of N-glycan processing in epidermal
development in Arabidopsis.
In the outer epidermis of the knf-101 fruit valves, there are
numerous small cells that resemble stomatal-lineage ground
cells in appearance [15]. In the formation of stomata, several
signaling molecules, including receptors and their potential
ligand, have been identiﬁed and were demonstrated to nega-
tively regulate the development of supernumerary stomata[10–12]. It is notable that some of the proteins encoded by
the signaling genes possess signal peptides as well as poten-
tial sites for N-glycosylation, and several lines of evidence
support the presence of N-linked glycans [12,19–21]. Our
data suggests that KNF acts in the same genetic pathway
as EPF1. This raises the possibility that the presence and
correct modiﬁcation of the N-linked glycan are important
for the EPF1 function. It is also possible that N-glycosyla-
tion aﬀects the function of potential receptors for EPF1.
Intriguingly, it has been noted out that N-glycosylation plays
an important role in glycoprotein hormones and their recep-
tors in mammals [22,23].
Numerous molecular genetic studies have identiﬁed putative
transcriptional regulators that control the root epidermal cell
fate via lateral inhibition and feedback loops (for reviews,
see [9,24]). One of the downstream targets of this transcrip-
tional network is GL2, which acts as a repressor of hair cell
fate. The knf-101 root is hairy, with some root hairs in ectopic
positions. Consistent with this phenotype, GL2::GUS reporter
expression is slightly disturbed in knf-101 roots. KNF may
contribute to ﬁne-tune the regulatory network of root hair
speciﬁcation. Alternatively, knf-101 root phenotypes may re-
sult from nutrient stress. Root hair formation is sensitive to
changes in the internal and external concentration of nutrients
(reviewed in [25]), and knf-101 roots are similar to the roots
grown in low phosphate concentration [26,27]. Further inqui-
ries will be required to investigate the cause of altered develop-
ment of root epidermis in the knf-101 mutant.
From a genetic and genomic standpoint, N-glycosylation is
of particular interest in that a single base substitution is suﬃ-
cient to generate or eliminate the consensus motif for N-glyco-
sylation (Asn-X-Ser/Thr) in the primary sequence, which can
have a signiﬁcant impact on protein properties. During evolu-
tion, it is likely that mutated proteins acquire novel roles
through the addition or deletion of N-linked glycans. In fact,
disease-causing mutations in the human genome include mis-
C. Furumizu, Y. Komeda / FEBS Letters 582 (2008) 2237–2241 2241sense mutations, which have been shown to be pathogenic by
inducing loss or acquisition of N-linked glycans (for a review,
see [28]). Further studies will extend the role of N-glycosylation
in the development of multicellular organisms, and the viable
knf-101 allele should serve as a good genetic tool for future
studies.
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